We describe a man with pericentric inversion 9 and constitutive heterochromatin, and a high disomy rate in his sperm cells (with all probes analyzed). The disomy rate was estimated with the following probes: 8, 9, 18, X, and Y, and was significantly higher than that in control sperm cells, while chromosome 9 showed the highest disomy frequency. The probes of X and Y together showed the same disomy frequency as X and Y alone, which indicates the same nondisjunction rate in the first meiotic division. We suggest that the interchromosomal effect found in this man differed from other findings in sperm cells of men carrying an inversion in terms of the difference in the length of the heterochromatin between the two chromosomes 9. Also, it is well known that the effect of inversion 9 with increased heterochromatin is highly variable and may even vary in members of the same family.
Introduction
Pericentric chromosomal inversions are common in humans, with a reported frequency of 1%-2% (De La Chapelle et al. 1974; Kaiser 1984) . Some chromosomal inversions can give rise to the birth of an abnormal child, resulting from duplications and deficiencies of a recombinant chromosome, whereas other inversions seem compatible with the transmission of only normal and genetically balanced offspring for generations. It has been shown that, in order for an individual heterozygote for a pericentric inversion to produce a live-born child with a recombinant chromosome, the inverted segment must involve a minimum of 30% (Winsor et al. 1978) or one-third (Trunca and Opitz 1977) of the chromosome length. Overall, the risk that a carrier of a pericentric inversion will produce a child with an unbalanced karyotype is 1%-10% (Gardner and Sutherland 1996) . The most frequent pericentric inversion in humans is inv(9)(p11q13), with a frequency of 0.95% in the general population (Gardner and Sutherland 1996) . Although the inversion of the long arm heterochromatic region (qh) of chromosome 9 can be considered as a normal polymorphism, its clinical consequences remain unclear. While some studies seem to reveal a direct association of inv(9qhϩ) with infertility and repeated abortions, as a result of abnormal disjunction at meiosis or early arrest of zygote development, other studies exclude any association (reviewed in Serra et al. 1990 ). Serra et al. (1990) suggested that the inversion inv(9)(qh) could interfere with the correct segregation during meiosis of chromosomes not involved in the inversion, leading to an increase in aneuploidy of the gametes. studied the possible associations of alterations in chromosome 9 heterochromatin with reproductive loss, and found that one of the chromosomes 9 was significantly larger in subjects with histories of recurrent fetal loss, a finding not observed in a control group . However, were unable to determine whether this association was due to the difference in size between the pair of homologous chromosomes or whether it was due to the size of the larger chromosome in mitotic cell division. A number of reports have documented an excess of chromosomal variants, especially of chromosome 9 with inv(9) and 9qhϩ, in couples with reproductive failure (De La Chapelle et al. 1974; Holbek et al. 1974; Nielsen et al. 1974; Boue et al. 1975; Tsenghi et al. 1981; Rosenmann et al. 1977; Tibiletti et al. 1981; Ford and Lester 1982; Gabriel-Robez et al. 1987; Fryns et al. 1984) . In contrast to these findings, other authors did not find any significant differences in the frequency of such polymorphic variants when comparing control groups with reproductive failure couples (Hemming and Burns 1979; Blumberg et al. 1982; Maes et al. 1983) , leading them to conclude that chromosomal polymorphic variants do not play an important role in the etiology of recurrent fetal wastage. It seems that the effect of inv(9)(qh) is highly variable even in members of the same family (Serra et al. 1980; Wang and Hamerton 1979) . In the past decade, several studies were conducted analyzing human sperm karyotypes for the presence of possible aneuploidy in individuals known to carry an inversion (of chromosomes 1, 3, 7, 8, 9, 14, and 20) . No interchromosomal effect (for any inversion studied) was demonstrated in any of these studies (Colls et al. 1997; Guttenbach et al. 1997; Martin 1991 Martin , 1999 Martin et al. 1993 Martin et al. , 1994 Navarro et al. 1993) .
In the present study, we demonstrate an increased risk for interchromosomal effect (presented as a high rate of sperm disomy) in a man carrying a pericentric inversion of chromosome 9 and a larger C-heterochromatin in one of the chromosomes.
Subjects and methods
A 31-year-old woman, married to a 33-year-old healthy man, presented in her second pregnancy; genetic amniocentesis was performed following an abnormal secondtrimester biochemical triple screen. Her first pregnancy had ended in a first-trimester spontaneous abortion.
The fetal karyotype was 47,XY,inv(9qhϩ),ϩ21/ 46,XY,inv(9qhϩ), with a mosaicism rate of 45%. The couple opted to terminate the pregnancy. The fetal leukocyte karyotype was 47,XY,inv(9qhϩ),ϩ21/46,XY,inv(9qhϩ), with 15% mosaicism. The couples' karyotypes were analyzed. While the woman's was normal, the man's karyotype was 46,XY,inv(9qhϩ). Of note was that the man was healthy, was not on any medication, and did not use drugs.
Probes
For chromosome 8: CEP 8 α satellite DNA, D8Z2 spectrum, orange For chromosome 9: CEP 9 α satellite DNA, spectrum, green For chromosome 18: CEP 18 α satellite DNA, D18Z1, spectrum orange For X chromosome: CEP X α satellite DNA, DXZ1, spectrum, green For Y chromosome: CEP Y α satellite DNA, DYZ3, spectrum, orange
Pretreatment of sperm nuclei (decondensation)
Slides were incubated in a small volume (100 µl) of freshly diluted 10 mM dithiothreitol (Sigma, St. Louis, MD, USA) in 0.05 M Tris buffer at Ϫ4°C for 25-50 min. After incubation, the slides were washed twice with 2 ϫ saline sodium citrate (2 ϫ SSC: 0.15M NaCl, 0.015 M sodium citrate) for 10 min, passed through a cold ethanol series (70%, 80%, 100%), air-dried, and observed under phase-contrast microscopy.
Mono-and dual-color fluorescence in situ hybridization (FISH)
Slides were first denatured in 70% formamide, 2 ϫ SSC at 73°C for 2 min. Prior to hybridization, the labeled probes in the hybridization mixture were heated to 75°C, and put on ice. The hybridization mixture (10 µl) was applied to each slide under a coverslip, and hybridization proceeded overnight at 37°C; after incubation, the slides were washed at 42°C in 70% formamide, 2 ϫ SSC for 20 min, then in 2 ϫ SSC for 10 min, and finally in 4 ϫ SSC, 0.1% Tween-20 for 5 min. Random aneuploidy in leukocytes and sperm disomy were assessed using a direct FISH technique (mono-and dual-color) in the husband and in two fertile men who served as controls. Mono-color FISH was performed using Vysis (Downers Grove, IL, USA) probes for chromosomes 8, 9, and 18 on sperm and leukocyte nuclei in order to prevent any overlapping between the different probes (due to the small size of the sperm cells, because the samples were left over from the infertility laboratory). In order to find out in which meiotic division the nondisjunction occurred, dual-color FISH was performed using Vysis probes for X and Y. Also, in order to rule out sperm diploidy, Vysis probes for chromosomes 9 and 18 were used together ( Fig. 1) (Spriggs et al. 1995) .
A total of 12,146 sperm cells and 824 leukocytes from the man carrying the inversion, as well as 24,026 sperm cells and 1645 leukocytes from the two control individuals, were examined, using an Olympus BX50 epifluorescence microscope (Olympus, Tokyo, Japan) equipped with a triple bandpass filter for 4Ј-6Ј-diamindino-2-pherylindole (DAPI) Texas red and fluorescein isothiocyanate (FITC). Diagnosis of disomy or diploidy in sperm cells and trisomy in leukocytes was based on the presence of two or three signals with the same intensity that were separated from each other, with the distance being greater than the diameter of the signal itself. Nullisomies were not directly scored, because their frequency was expected to be equivalent to that of disomies.
In regard to heterochromatin length, we measured the length of the heterochromatin segment and the total length of the chromosome in both chromosomes 9 (Fig. 2) , and compared the difference in the relative lengths of the heterochromatin regions between the two chromosomes in our patient and the two normal controls.
Our patient underwent an expanded semen evaluation which included routine light microscopic sperm observations, biochemical evaluation of seminal plasma markers, and a quantitative ultramorphological (QUM) analysis of the sperm cell subcellular organelles (Bartoov et al. 1993 (Bartoov et al. , 1994 .
Semen evaluation
Semen observation was performed after the patient had 5 days of sexual abstinence; the observer was unaware of the identity of the patient. Routine semen analysis was performed according to the WHO laboratory manual for semen analysis (World Health Organization [WHO], 1992). Biochemical examinations of the seminal plasma markers were conducted as previously described (Bartoov et al. 1993) . Quantitative ultramorphological (QUM) sperm analysis was performed as previously described (Bartoov et al. 1994) . Briefly, the ultramorphological status of each of the following sperm subcellular organelles was assessed: acrosome; postacrosomal lamina; nucleus, including karyoplasm; neck; axonema; and mitochondrial sheath and outer dense fibers, including the fibrous sheath. Each organelle was observed in parallel by scanning (SEM) and transmission electron microscopy (TEM). The ultrastructure of a subcellular organelle was considered "intact" if it did not exhibit any of the specific organelle malformations described previously (Bartoov et al. 1990 ). The incidence of each ultramorphological state was quantitatively assessed for 100 cells per sample. The frequencies were expressed as the means of the TEM and SEM observations. A fertility index was calculated. This diagnostic profile is based on a proportional combination of selected parameters and has a discrimination ability of 80% (Bartoov et al. 1994 ).
Statistical methods
Data for the different probes were statistically analyzed by using a two-tailed Fisher's exact test and the 2 test. The two-sample t-test and nonparametric test were employed for testing differences between the study groups for quantitative parameters and for ratios. Spearman correlations were employed for testing the correlations between the study parameters examined. All tests employed were two-tailed, and P values of 5% or less were considered statistically significant. The data were analyzed using SAS software (SAS Institute, Cary, NC, USA).
Results
The hybridization efficiency was in the range of 95% (with all probes analyzed). There was no difference between the patient carrying the 9 inversion and the normal controls in the proportion of leukocytes with three signals (Table 1) . This finding indicates that there is no higher rate of mitotic nondisjunction because of the inversion and the heterochromatin.
The rate of disomy in sperm cells (with all probes analyzed) was significantly higher in the patient when com- a The rate of aneuploidy was estimated by the proportion of the number of cells with three signals from the total cell population (none of the differences was significant) pared to the control rate; P Ͻ 0.001 (Table 2 ). There seemed to be almost the same number of sperm cells with X ϩ Y together as cells with disomies of X and Y alone, a finding that indicates the same nondisjunction (ND) rate for the two meiotic divisions ( Table 2 ). The diploidy rate in sperm cells was not increased in the man carrying the inversion and heterochromatin (P Ͻ 0.02) compared with the control rate (P Ͻ 0.01).
As for the length of the heterochromatin region -the difference in the relative lengths between the two chromosomes 9 was significantly larger in our patient (mean, 0.10 Ϯ 0.05 SD; Fig. 2 ) than the difference in the two normal controls (mean, 0.01 ϩ 0.04 SD; P Ͻ 0.001).
Routine light microscopy (LM) and biochemical examinations revealed normal sperm density (180 ϫ 10 6 /ejaculate after 5 days of sexual abstinence), viability (65%), and morphology (46% normal forms), as well as normal function of the accessory glands. The percentage sperm motility was lower than the laboratory standard, at 38% vs 40%, respectively; however, 72% of the motile sperm exhibited progressive motility, with an average speed of 26.4 µm/s at 25°C. Semen culture was negative. No specific ultramorphological malformations were observed by the QUM method in any of the sperm cell subcellular organelles. The natural male fertility index was normal according to the laboratory standard, at 1.48 vs 0.5, respectively). Thus, the patient may be classified as a normozoospermic fertile man.
Discussion
Individuals heterozygous for pericentric inversions may produce, depending on the behavior of the homologous bivalent during meiosis, gametes with the inverted chromosome, a normal one, or with recombinant chromosomes. These individuals are probably prone to fetal wastage, not only because of their recombinant products but also because of the interchromosomal effect (Wang and Hamerton 1979; Neri 1981; Serra et al. 1990 ).
Our patient's wife's first pregnancy ended in a miscarriage and the second in the termination of a pregnancy with the Down syndrome mosaicism. Based on our findings of a high frequency of disomy in sperm cells in our patient it is possible that the mosaicism originated from meiotic nondisjunction with the postzygotic loss of one chromosome. This assumption concurs with previous reports explaining cases of 21 mosaicism as having a meiotic origin and a later partial trisomy rescue (Robinson et al. 1995) .
In our opinion, the addition of the heterochromatin (qhϩ) to the normal pericentric inversion made our patient prone to nondisjunction, as expressed in the rate of disomies in his sperm cells. The fact that we did not find a higher rate of aneuploidy in leukocytes is not surprising; during mitosis there is no pairing between homologous chromosomes and, therefore, incomplete pairing interferes only in the process of meiosis. The presence of disomy in FISH for chromosomes X and Y alone and X and Y together proves that the disturbance affects both meiosis processes I and II. Chromosome 9 was involved more than others (Fig. 1) . This may be explained by the difference in the length of its heterochromatic region in this patient, possibly leading to uneven pairing during meiosis I.
Whether an "inversion variant" chromosome can influence its own disjunction is speculative. Willatt et al. (1992) observed that, in 11 reported cases of the rare mosaic trisomy 9 syndrome, 4 occurred in the setting of maternal heterozygosity for the inv(9)(p11q12) variant, suggesting a causal link. Partial trisomy 9 has been associated with a parental inv(9)(p11q12/3) (Kaiser 1984; Stamberg and Thomas 1986) . It is important to keep in mind that these reports involve only a minority of the many individuals heterozygous for inv(9) (a common finding, that is assessed to occur in up to 1% of the population). Inversions in chromosome 9 were also found in cytogenetic studies in men suffering from infertility. Martin and Rademaker (1990) analyzed chromosome complement in sperm taken from 98 men, using a human sperm/hamster egg fusion technique. Among individual autosomes, only chromosome 9 showed an increased frequency of hyperhaploidy.
Based on the findings of our study, it may be possible to attribute the abnormality in chromosomal behavior to the difference in the length of the heterochromatin of chromosome 9, which was found in our patient and in some of the individuals in other reports Fryns et al. 1984; Wang and Hamerton 1979; Serra et al. 1980) . The presence of a centric heterochromatin has been considered to be a risk factor for the development of nondisjunction and a functional explanation for the finding of a higher incidence of hyperhaploidy in chromosomes 1, 9, and 16 (Martin 1991; Geraedts and Pearson 1973; Serra et al. 1990 ). The role of pericentric inversion of chromosome 9, inv(9), diagnosed in the products of conception following miscarriages is still very controversial. Indeed, although inv(9) has been associated with repeated spontaneous abortions in several families (Boue et al. 1975) , studies on unselected series of couples have usually failed to demonstrate a relationship between inv(9) and repeated abortions (Hemming and Burns 1979; Carothers et al. 1982) .
We speculate that the difference in the natural history of patients with this kind of 'abnormality' depends on the difference in the length of the heterochromatic region, and that a small difference may not have the same effect as a greater difference, especially when it comes with an inversion: the common 9q inversion with a significant difference in the length of the C-heterochromatin of the two chromosomes 9 increases the risk for meiotic nondisjunction (Serra et al. 1980) .
To conclude, it is well known that the effect of inv9(qh) is highly variable, and may even vary in members of the same family. However, no satisfactory explanation can be found in the literature for this observation. Based on our finding, we speculate that the variability in the biologic behavior in carrier individuals is dependent on the presence or absence of a significant difference in the length of the heterochromatin of the specific chromosome.
